Background: Clostridioides (Clostridium) difficile ranks first among the pathogens of hospital-acquired infections with hospital-based preventive strategies being only partially successful in containing its spread. Methods: We performed a spatial statistical analysis to examine the association between population characteristics and parameters of community healthcare practice and delivery with hospital-onset Clostridioides (Clostridium) difficile infection (HO-CDI), using data from the Medicare Hospital Compare, Medicare Provider Utilization Part D, and other databases. Among the areas with the highest HO-CDI rates ("hot spots"), we conducted a geographically weighted regression (GWR) to quantify the effect of the decrease in the modifiable risk factors on the HO-CDI rate. Findings: Percentage of population N 85 years old, community claims of antimicrobial agents and acid suppressants, and density of hospitals and nursing homes within the hospital service areas (HSAs) had a statistically significant association with the HO-CDI incidence (p b 0.001). The model including the community claims of antimicrobial agents and number of hospital centers per HSA km 2 was associated with 10% (R 2 = 0.10, p b 0.001) of the observed variation in HO-CDI rate. The hot spots were organized into 5 Combined Statistical areas that crossed state borders. The association of the antimicrobial claims and HO-CDI rate was as high as 71% in the Boston-Worcester-Providence area (R 2 = 0.71, SD 0.19), with a 10% decrease in the rate of antimicrobial claims having the potential to lead to up to 23.1% decrease in the HO-CDI incidence in this area. Interpretation: These results outline the association of HO-CDI with community practice and characteristics of the healthcare delivery system and support the need to further study the effect of community and nursing homebased antimicrobial and acid suppressant stewardship programs in the rate of HO-CDI in geographic areas that may cross state lines.
Introduction
Clostridioides (Clostridium) difficile ranks first among the pathogens of hospital-acquired infections [1] . The prevalence of Clostridioides (Clostridium) difficile infection (CDI) has plateaued at historic highs, with recent estimates suggesting about 500,000 infections annually in the U.S. [2, 3] The Centers for Disease Control and Prevention (CDC) reported that in 2015 approximately 29,000 patients died within 30 days of the initial CDI diagnosis, with 15,000 of deaths directly attributed to CDI. The above evidence have made the CDI prevention a national public health priority [4] .
Healthcare facility-onset CDI (HO-CDI), defined as CDI diagnosis after day 3 of hospitalization in an acute care hospital [5] , is considered mainly a hospital problem [6] . Hospital preventive strategies, including antimicrobial stewardship programs [7] , contact precautions for infected patients, decontamination of infected areas, hand hygiene [8] , and isolation of asymptomatic carriers [9, 10] can decrease the rate of HO-CDI. However, the application of the above measures has been shown to be inadequate to contain the infection which prevalence has remained unchanged between 2011 and 2015 [11, 12] . Current evidence supports that the role of patients with symptomatic infection in transmission of HO-CDI is not as important as previously thought [13, 14] . Also, recent work supports the hypothesis that HO-CDI and community-acquired CDI (CA-CDI) are closely linked. For example, the increased risk for CDI after exposure to antimicrobial agents persists for 3 months or more [15] , with evidence from Europe indicating the important association of antimicrobial consumption both in the community and in hospitals with the CDI rate [16] . Also, patients who are colonized with toxinogenic C. difficile on admission to the hospital have a higher risk of developing CDI during hospitalization [17] .
In this study, we examined the impact of community population characteristics and parameters of community healthcare practice and delivery on the incidence of HO-CDI throughout the U.S.
Methods

Data Extraction
Cases of HO-CDI reported between 01/01/2015 and 12/31/2015 were extracted from the Medicare Hospital Compare 12/2016 dataset [18] . In 2015, the Medicare Hospital Compare had information about the C. difficile laboratory-identified events at 4807 Medicare-certified hospitals (86.4% of all U.S. hospitals). For reporting purposes, HO-CDI diagnosis requires a positive test for toxin-producing C. difficile on an unformed stool specimen collected N 3 days after hospital admission [5] .
The risk factors that were examined in our analysis were extracted from the study by Ofori et al. who systematically reviewed factors associated with CA-CDI (symptom onset within the community and ≤48 h after hospital admission) [19] . Factors associated with CA-CDI included proximity to nursing homes [20] and use of acid suppressants and oral antimicrobial agents [21, 22] . The percentage of population N 65 and N85 years old were also examined based on current evidence that CDI disproportionately affects elderly patients [23, 24] . Finally, the number of hospitals in each Hospital Service area (HSA) (as defined below) 
Research in context
Evidence Before This Study Clostridioides (Clostridium) difficile ranks first among the pathogens of hospital-acquired infections and the prevalence of Clostridioides (Clostridium) difficile infection (CDI) has plateaued at historic highs. Hospital-based preventive strategies are only partially successful in containing the spread of hospital-onset CDI (HO-CDI). In this study we examined the impact of community population characteristics and parameters of community healthcare practice and delivery on the incidence of HO-CDI throughout the U.S. Data from the Medicare Hospital Compare, Medicare Provider Utilization Part D, and other publically available databases were used.
Added Value of This Study
The study showed a significant association between community population characteristics (i.e. percentage of population N 85 years old), community practices (i.e. prescription of antimicrobials in the community), and characteristics of the healthcare delivery system (i.e. density of hospitals in each hospital service area) with the incidence of HO-CDI. In high-incidence areas our study indicates, that a 10% reduction in the prescription of antimicrobial agents in the community, could lead up to an almost 25% decrease in the rate of HO-CDI.
Implications of All the Available Evidence
The results of this study indicate that the prevention of HO-CDI is not only a matter of hospital policies, but requires a multifaceted effort across all aspects of healthcare and community. Community antimicrobial stewardship should become a priority. Prescription of acid suppressants, and infection control policies in the out of hospital healthcare settings, such as nursing homes, may also be modifiable factors that can reduce the rate of HO-CDI. The above efforts should focus on specific geographic hot spots where the association is higher and, in some cases, cross state lines.
was studied as a characteristic of the healthcare delivery system that contributes to the rate of HO-CDI, given the known higher risk of C. difficile colonization among patients who have been exposed to the hospital environment [25, 26] .
Claims for antimicrobial agents and gastric acid suppressants were collected from Centers for Medicare & Medicaid Services. We used the Medicare Provider Utilization and Payment Data: 2015 Part D Prescriber Public Use File that includes data on approximately 70% of all Medicare beneficiaries [27] . Specifically, all claims for oral antimicrobial agents, including 1st and 2nd generation cephalosporins, penicillins, penicillin/beta-lactamase inhibitors, clindamycin, macrolides, fluoroquinolones, trimethoprim-sulfamethoxazole [21, 22] , as well as claims for proton-pump inhibitors and H2-receptor antagonists were collected.
Demographic data were extracted from the U.S. Census Bureau. We used American Community Survey 5-Year Estimates to extract the percentage of population aged N65 and N 85 years old in 2015 [28] . Data on nursing homes and number of certified beds were extracted from Medicare Nursing Home Compare 12/2015 dataset [29] .
Study Design
In an effort to match the parameters of interest with the HO-CDI incidence, we used the HSAs, as recorded in The Dartmouth Atlas (Supplementary Appendix) [30] . The HSA geographic boundary files were derived from Medicare data based on the residence zip codes of the hospitalized patients. Specifically, a zip code was assigned to the service area of a specific hospital, if the plurality of Medicare beneficiaries of this zip code was admitted to this specific hospital.
Drug claims were available per provider. In order to georeference the drug claims, the zip codes of the providers were converted to zip code tabulation areas and then converted to points by calculating their centroid coordinates [31, 32] . The same transformation was applied to nursing home locations (Supplementary Appendix). 
Study Analysis
HO-CDI cases and drug claims were expressed per 10,000 population, by dividing the number of cases and claims with the population of each HSA. The effect of nursing homes, number of nursing home beds and hospitals on the HO-CDI incidence was expressed as the number of them per HSA km 2 . Demographic data were expressed as the percentage of the HSA population that had the studied characteristic.
A geographic approach was chosen for this analysis and a spatial statistical analysis was performed using the ESRI ArcGIS 10.4.1. Geographic Information Systems are used to model the spatial distribution of known or potential risk factors, and identify associations with infectious diseases [33] . Multiple simple Ordinary Least Squares linear regressions [34] were initially performed regarding the risk factors of interest described above, using the HO-CDI incidence as the dependent variable. An Ordinary Least Squares exploratory linear regression was then conducted using only the statistically significant independent variables and a Global Moran's I test was run to identify the most fitted global model and check for global multicollinearity (Supplementary Appendix).
A Hot Spot analysis using the Getis-Ord Gi* statistic [35] was performed to identify clusters of HO-CDI hot spots, and define the areas of interest for our study. Hot spots were defined as HSAs with high HO-CDI rate and high HO-CDI rate in the surrounding HSAs. This was determined by the local sum of HO-CDI rates within the HSA and its neighboring area that was then compared proportionally to the sum of all HSAs. The HSAs in which the local sum was very different from the expected local sum, and the difference was too large to be the result of random chance, were considered hot spots (z-score N 1.96).
Our main analysis examined the association of the modifiable risk factors of interest in each hot spot cluster with HO-CDI incidence using a Geographically Weighted Regression [36, 37] . A Geographically Weighted Regression assumes that the relationships between the dependent and independent variables, and thus the regression coefficients, do not remain fixed over space (Supplementary Appendix) [36] .
Results
Based on the Dartmouth atlas, the U.S. is divided into 3436 HSAs. Among the available HSAs, 71.1% included at least 1 hospital and were considered for further analysis. Of those, 470 HSAs (19.2%) did not report any HO-CDI cases and another 7 had incomplete data on antimicrobial prescriptions and were excluded, leaving 1966 HSAs with a population of 287,488,746 people (89.8% of the 2015 population of the U.S.) in the final analysis (Fig. 1) .
The included HSAs had 1-23 hospitals each, with a mean number of 1.5 hospitals, for a total number of 2953 hospitals (Fig. 1) . Of these HSAs, 1535 (78%) included exactly 1 hospital each. The percentage of people across the HSAs who were N 65 years old was 16.0% (range 5.3%-49.5%), whereas 2.1% were N 85 years old (range 0.4%-11.5%). Based on the Medicare Nursing Home Compare dataset, there were 62,608 nursing homes throughout the U.S. The 52,497 (83.9%) nursing homes that were located in the HSAs of interest were included in the final analysis. Each HSA had a mean of 27 nursing homes and 2948 nursing home beds.
In 2015, there were 99,552 cases of HO-CDI reported in the Medicare Hospital Compare among the 2953 hospitals included in this analysis [18] . The mean number of HO-CDI cases reported per hospital was 33, ranging from 1 to 407 (mean CDI rate 2.67 cases per 10,000 population). Throughout the 1966 HSAs, there were in total 29,639,416 antimicrobial claims reported in the Medicare Payment Data Part D for the categories of interest and 53,166,513 acid suppressant claims. The mean rate of antimicrobial claims throughout the U.S. was 1350 per 10,000 population. The most commonly prescribed antimicrobial category was fluoroquinolones with a total number of 9,380,303 claims, followed by macrolides with 6,150,460 claims (Table 1) . Among the acid suppressants, 45,434,116 claims were for PPIs and 8,732,397 for H2-blockers (Table 1) .
Multiple, simple linear regression analyses were performed for the risk factors of interest ( Table 2 ). The number of antimicrobial claims per 10,000 population was significantly associated with the incidence of HO-CDI (adjusted R Table 1 ). As shown in Fig. 2 , the statistically significant HO-CDI hot spots (zscore N 1.95, p b 0.05) were located in the states of California, Connecticut, Delaware, Florida, Massachusetts, Michigan, New Hampshire, New Jersey, New York, Ohio, Pennsylvania, Rhode Island, Virginia, and West Virginia. The clusters of HO-CDI hot spot crossed the state borders and were found to be better contained by the borders of Combined Statistical Areas (CSAs) (Supplementary Fig. 1 ), areas containing a population nucleus with a high degree of economic and social integration as defined by the U.S. Census Bureau [28] . Specifically, the HO-CDI hot spots were organized in 5 Combined Statistical Areas, the CSAs of BostonWorcester-Providence, New York-Newark, Philadelphia-ReadingCamden, Los Angeles-Long Beach, Detroit-Warren-Ann Arbor, and Central-South Florida.
The community prescription of antimicrobial agents had the highest impact on the observed variance of HO-CDI rate in the BostonWorcester-Providence CSA (Fig. 3A) . The mean of local R 2 was 0.71 (95% CI: 0.66-0.76), meaning that the rate of antimicrobial claims in the community was associated with, in average, 71% of the observed variation in HO-CDI rate between the HSAs of this CSA. The mean regression coefficient for the rate of antimicrobial claims was 0.009 (95% CI: 0.0085-0.1004), meaning that on average every decrease of the claims by 100 per 10,000 population could lower the HO-CDI rate by 0.9 per 10,000 population. Given that the mean rate of antimicrobial claims in this CSA was 873 per 10,000 population, and the mean HO-CDI rate is 3.7 per 10,000 population, a 10% decrease in the rate of antimicrobial claims on average could correspond to a 23.1% lowering in the HO-CDI rate.
In the New York-Newark CSA (Fig. 3B) , the rate of antimicrobial claims in the community was associated, on average, with 18% of the variation observed in the rate of the HO-CDI rate (R 2 = 0.18; 95% CI: 0.16-0.20) (Fig. 3B) . Based on the mean rate of antimicrobial claims and the mean HO-CDI rate in this CSA, a 10% decrease in the rate of antimicrobial claims on average could correspond to a 13.7% lowering in the HO-CDI rate (Table 3 ). In the other 4 hot spots (Figs. 3C-3F ), the rate of antimicrobial claims could explain on average 9% (R 2 = 0.09; 95% CI: 0.08-0.10) to 42% (R 2 = 0.42; 95% CI: 0.37-0.46) of the variation in the HO-CDI rate (Table 3) . A 10% decrease in the rate of antimicrobial claims in the above 4 CSAs could correspond to a 5.4%-10% lowering in HO-CDI rate as shown in Table 3 , with the highest effect seen in the Detroit-Warren-Ann Arbor CSA.
Conclusions
Using nationwide data, we examined the association between population risk factors, community level healthcare practices (including rate of antimicrobial and acid suppressant prescription), and healthcare delivery system parameters (such as density of hospitals and nursing homes per HSA) with the incidence of HO-CDI. Antimicrobial agents prescribed in the community and the number of hospital centers per HSA km 2 were the risk factors that were associated with the highest percentage of the variation in the HO-CDI incidence. The geographically weighted regression model in the hot spots indicated that the rate of antimicrobial claims alone was associated with up to almost threequarters of the observed variance in the rate of HO-CDI. Moreover, a 10% decrease in the rate of antimicrobial claims could decrease the HO-CDI incidence on average by 5.4%-23.1%, with the highest effect observed in the Boston-Worcester-Providence area. Current inpatient bundle strategies, including isolation of infected and colonized patients, antimicrobial stewardship programs and novel methods of decontamination, although effective [5] have not been able to contain HO-CDI [2, 3] . It is unclear if the difficulty to control the infection is exclusively secondary to inconsistent compliance with the suggested policies, or if there is also a need for identification of factors that remain unrecognized. In an effort to incentivize hospitals to increase compliance with preventive strategies, Medicare is implementing reimbursement penalties for hospitals with a higher than "predicted HO-CDI rate" [6] . The predicted HO-CDI rate for each hospital is estimated based on several factors, related to hospital practices [38] , such as the method used for diagnosis, number of hospital and ICU beds etc. However, this Medicare policy of non-payment for preventable hospital-acquired infections does not account for outpatient parameters and, so far, has had limited results [39] .
In this study, we examined factors that have already been shown to increase the likelihood of either acquiring the pathogen, or transitioning from acquisition/colonization to infection, assuming that these factors may add to the risk of patients who reside in the community to develop HO-CDI during a subsequent hospitalization. Antimicrobial consumption was associated with up to three quarters of the observed variation in the incidence of HO-CDI. The above is even more important given recent estimates that the antimicrobial consumption has increased by 65% in 2000-2015 [40] . Fluoroquinolones was the most frequently prescribed antimicrobial class and most likely was the class to drive the observed association between antimicrobial agents and HO-CDI incidence. Thus, it would be reasonable for future community antimicrobial stewardship programs to target this antimicrobial class first, by substituting, for example, fluoroquinolones with doxycycline in cases of communityacquired pneumonia [41, 42] . The effectiveness of the above policy is supported by evidence from the U.K., where Dingle et al. demonstrated that the restriction of the prescription of fluoroquinolones both in the community and the hospitals drove a significant reduction in CDI in the U.K. after 2007 [16] .
Community antimicrobial stewardship programs that will aim to contain HO-CDI should take into account the observation that the areas with high incidence of HO-CDI were characterized by a high degree of economic and social integration and were not confined by state borders (Supplementary Fig. 1 ). This finding highlights the need for cross-state collaborations in the effort to control HO-CDI. For example, a 10% reduction in the prescription of antimicrobial agents in the Boston-Worcester-Providence area, could achieve an almost 25% decrease in the rate of HO-CDI, comparable to the effect of some hospital environmental disinfecting techniques [43] .
Advanced age, comorbid conditions, frequent antibiotic use and hospitalizations of nursing home residents render this population susceptible to acquire C. difficile [44] and develop CDI [24] . In this study, we found a significant association between the density of nursing homes in a HSA and the rate of HO-CDI. This association supports the recently mandated antimicrobial stewardship programs in this healthcare setting [45] . Similarly, the rate of the acid suppressant claims in the HSAs was significantly associated with the observed variation in the HO-CDI incidence. Taking into account the significant percentage of inappropriate prescription of acid suppressants in the community [46] , nursing homes [47] and acute healthcare settings [48] , the implementation of restrictions in both the prescribed and over-the-counter use of acid suppressants suggests an achievable goal in the effort to contain HO-CDI. The currently available guidelines regarding the appropriate prescription of PPIs in the elderly patients can guide future efforts for evidence-based use of acid suppressants [49] . It should be noted that both the density of nursing homes and the claims of acid suppressants were not included in the GWR analysis and therefore it is unclear to what degree these two factors influence the rates of HO-CDI at the local level.
Limitations of this study should be considered. First, the study was at a population level and provides no evidence about the causality of the observed associations [42] . However, our results indicate that the above factors add to our understanding of the observed variation in the rate of HO-CDI and should be taken into consideration during the evaluation of the individual hospital performance. Based on CDC reporting policies [50] , a CDI case is defined when there is a positive laboratory test result for C. difficile toxin A and/or B or any detection of toxin-producing C. difficile organisms by culture or other laboratory means on an unformed stool specimen. The use of a variety of diagnostic methods with different specificity by the participating hospitals might contribute to the observed difference in HO-CDI rate [51] . Moreover, factors in the hospitals and nursing homes, such as policies for infection control, number of beds etc., that might also contribute to the observed variation of HO-CDI were not examined. Also, antimicrobial and acid suppressant claims were retrieved from the Medicare Provider Utilization Part D, which is an optional benefit to Medicare beneficiaries, and does not include information for non-Medicare beneficiaries. Even though it is not known what percentage of the total number of antimicrobial and acid suppressant claims refer to Medicare beneficiaries, Medicare is the largest payer of health care in the U.S. and the beneficiaries of Medicare Part D consist nearly two-thirds of the 10-15% U.S. population who receive Medicare [52] . Thus, the observed association between the community antimicrobial claims and the HO-CDI rate is generalizable to the U.S. population. The possibility of incomplete reporting of HO-CDI cases from individual hospitals to the Medicare Hospital Compare dataset should also be acknowledged, but there are no available data about its extent.
In conclusion, we report the results of a US-wide analysis that documented a clear association between community practices and characteristics of the healthcare delivery system with the incidence of HO-CDI. These results provide potential targets in the effort to decrease HO-CDI rate, such as community stewardship programs regarding the prescription of antimicrobial agents and acid suppressants, and infection control policies in the out of hospital healthcare settings, such as nursing homes. Prevention of HO-CDI seems that it may not only be a matter of hospital policies, but requires a multifaceted effort across all aspects of healthcare and community. These efforts should focus on specific hot spots that, in some cases, cross state lines and require wide policy coordination.
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